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INVARIANT  AUTOMATIC  STABILIZATION  SYSTEM  OF  A VERTICAL  TAKEOFF  AND 
LANDING  AIRCRAFT  (VTOL)  UNDER  STEADY  FLIGHT  CONDITIONS 


R.  H.  Maresh  and  V.  T.  Vigovskiy  (Kiev) 


1.  Statement  of  problem.  Under  steady  flight  conditions,  a VTOL 
is  subjected  to  the  action  of  different  disturbances  connected  both 
with  the  heterogeneity  and  turbulence  of  the  atiosphere,  and  with  the 
operations  realized  under  these  conditions,  which  affect  the  inherent 
performance  of  the  aircraft. 

Both  external  atmospheric  disturbances  and  inherent  parametric 
disturbances  lead  to  the  simultaneous  origination  of  disturbing 
forces  and  moments.  There  is  a single  control  assembly  - the  elevator 
- for  countering  this  effect  in  ordinary  aircraft. 
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Thus,  it  becomes  necessary  to  install  additional  automatic 
systems  and  control  assemblies  on  the  aircraft.  These  assemblies  can 
be  lift  engines  and  jet  surfaces  designed  specifically  for  use  in 
takeoff  and  landing  on  a vertical  takeoff  and  landing  aircraft  with  a 
lift  assembly  (PSU)  consisting  of  many  low-power  engines  and  jet  cr 
reactive  controls.  Below  we  consider  the  possibilities  of  using  lift 
engines  and  jet  controls  in  steady  flight  conditions  in  order  to 
provide  invarianca  of  the  coordinates  of  the  VTOL  during  automatic 
stabilization  of  longitudinal  movement  and  different  types  of 
disturbing  effects. 

2.  Invariant  system  of  longitudinal  stabilization  during  gusts. 
The  equations  of  longitudinal  disturbed  movement  given  in  [ 1 ] for  an 
ordinary  aircraft  can  be  used  to  describe  the  longitudinal  movement 
of  a VTOL  under  steady  flight  conditions,  since  its  performance  under 
these  conditions  can  only  differ  quantitatively  from  the 
corresponding  performance  of  an  ordinary  aircraft. 

Kith  this  assumption  and  conditions  of  horizontal  cruise  flight, 
the  equations  for  the  longitudinal  disturbed  movement  are  as  follows, 
in  dimensionless  form: 

(P  + nu)V  + n12ct  4-  n,s0  = np6p  + 

— n2lV  4-  (p  -f  n2Jhx  — (/»  + n2s)0  = /*; 
n»iV  + (n«p  + n«)a  + (p*  + n3sp)0  = -n,  6,  + 
a = Q — ph. 


(2.1) 
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where 

/i  — it  — p^v'  it  ~ mzv  'v>  v*  = Ux / 1 oi 

v„  = Uy/  F0;  p~d ! dt.  (2.2) 

Here  V,  a,  9 and  h are  small  increases  in  velocity,  angle  of  attack, 

pitch  angle,  and  altitude,  respectively,  and  n_  and  n_  are  the 

r o 

efficiency  of  the  thrust  control  and  the  elevator,  respectively. 

The  rest  of  the  designations  are  used  in  accordance  with  [1], 
Disturbances  type  ft  and  f2  lead  to  deviations  from  the  horizontal 
trajectory,  while  type  f3  disturbances  cause  the  VTOL  to  rotate 
around  the  center  of  mass. 

Based  on  the  stability  condition  and  B.  N.  Petrov's  criterion  of 
the  realizability  of  invariant  conditions  for  balancing  the  wind 
disturbances  acting  on  the  aircraft,  we  need  at  least  two  channels 
for  propagating  the  effects  frcn  the  point  of  application  of  the 
disturbance  to  the  coordinate  whose  invariance  lust  be  provided  [2]. 


i 

A 
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iith  the  condition  of  automatic  stabilization  of  airspeed  and 
relatively  small  changes  in  the  ground  speed,  the  main  coordinates 
whose  invariance  must  be  provided  are  the  flight  altitude  h and  the 
pitch  angle  9. 

The  horizontal  gust  components  ux  do  not  affect  the  dynamics  of 
the  aircraft  very  much,  especially  when  the  aircraft  has  automatic 
thrust  control.  This  means  that  when  studying  dynamics  it  suffices  to 
consider  only  the  vertical  gust  components  Uy.  Here  the  equations  of 
longitudinal  disturbed  movement  assume  the  form: 

(p  ■ -f /%)#  = /j+  n^6t; 

(noP  -t  nS2)a^  (/»=  -r  n33/.)ft  =—  nBb„  + /s  J-  TOc6c;  (2.3) 

a — b ph  = 0. 

where  n^  and  m&  are  the  effectiveness  of  the  jet  surfaces  during  the 
creation  of  the  control  force  and  the  control  moment,  respectively. 

From  relationships  (2.2)  at  V0  >>  u y we  will  find: 

/*  = Pvv  = puv/Va  — pa,; 

/,_  <24) 

where  is  the  increase  in  the  angle  of  attack  caused  by  the 
disturbance. 


Considering  that 
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nK  — 0.5  (cw  cx);  nt 3 — 0,5cx;  n<)  = — K6Am*/2rJ;  n3t  = — b^mml/2rlpS\ 

"**  = - K\.. ">"-•/?-*;  p ~bkm/2rlpS;  n„v  = Cf<=;  mc  = m*«; 

and  also  assuaing  that  the  ground  speed  is  stabilized  and 

ml  = Cx  = Cx=  o,  we  will  reduce  system  (2-3)  to  the  form 


(p  + c;>0-c;#  = c;a. 

— m\B  + ( p * -f  rrTzp  -f  m*)d  — m®*da 
9 — p/j  = 0. 


£*c«c; 

— + w*ed0; 


(2.5) 


Figure  la  shows  a block  diagraa  corresponding  to  the  control 
system  (2.  5)  . 


The  invariance  conditions  can  be  written  directly  on  the  basis 
of  the  block  diagraa  or  system  of  equations  (2-5).  In  the  first  case, 
they  are  based  on  the  requirement  of  total  compensation  for  the 
disturbance  aR  by  the  deflection  6^  of  the  jet  distributor,  and  in 
the  second  - on  the  requirement  that  the  right  sides  of  the  first  two 
equations  vanish,  i.e.  , 


c = 0; 

Cay«.-Cjc6c  = 0. 


(2.6) 


If 

systea. 


the  invariant  systea  is  designed  as  a combination  control 
the  angle  of  attack  sensor  aust  have  high  enough  precision. 
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i*  e-  > = am„  . Then  the  deflection  of  the  jet  distributor  can  be 

expressed  by  the  dependence 


f>c  = A'aa,, 


and  conditions  (2.6)  are  written  as 


m'u,  — mlzcKa  <*,  = 0; 
C>.  - C*°A'«a,  = 0, 


whence  the  transfer  number 


A’«  = m“/'m*c  = Cl/C*c. 


sc  *c 

Parameters  wiz  and  f-u  do  not  depend  on  the  characteristics  of 
the  incoming  flow  and  are  determined  only  by  the  energy 
characteristics  of  the  exhaust  nozzles  and  their  thrust  arm  relative 
to  the  center  of  mass.  Here  the  relationship 


W*c/C*c  = /, 


(2.10) 


is  obvious,  where  / — llb\  is  the  relative  total  thrust  vector  arm 
of  the  exhaust  nozzles. 


Condition  (2.9)  of  the  realizability  of  the  invariant  system 


using  only  exhaust  nozzles  at  constant  Ka  is  satisfied  when 
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. ml  _ ICl,  (2.11) 

which  can  be  achieved  only  in  specific  cases. 

In  general,  if  we  select  the  value  of  A'a  from  the  condition 

A'.  = Cl/C's.  (2.12) 

it  is  obv’/o us  that 

Km,  — m?/m*c=^  A'a.  (2.13) 

Here  the  undercompensation  of  moment  is  determined  by  the  value 
Am*,  equal  to 

Am"  = m*c(  Aa,  — A'„).  (2.14) 

In  order  to  use  the  elevon  to  eliminate  this  undercompensation, 
it  is  necessary  to  add  an  additional  signal  which  is  equal  to 

Kikx  = A m“a  / m **,  (2.15) 

in  the  ideal  case  to  the  law  of  the  control  of  the  main  automatic 
Filot,  and  with  the  addition  of  the  derivative,  the  transfer  function 
of  the  the  additional  compensation  signal  generation  unit  will  be: 


W\(P)-  Am*  (1  + 7 


(2.16) 
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Figure  1b  shows  a block  diagram  of  a combination  invariant 
system,  where  it  is  assumed  that  (p)  = 1 t and  where  the  law  of 

control  of  the  main  automatic  pilot  in  steady  flight  conditions  is 

6,  = — ( AT6d  --  K^pft)  Kh(h3  —h).  (2.17) 

When  constructing  an  invariant  system  in  the  deviation  control 
system  class,  direct  measurement  of  the  deviation  of  the  angle  of 
attack  from  the  stable  value  is  replaced  by  the  measurement  of  its 
components  Q and  ph  in  accordance  with  the  last  equation  in  system 
(2.3) . The  rest  of  the  block  diagram  of  the  system  and  the  invariance 
realizability  conditions  remain  unchanged. 

3.  Invariant  stabilization  system  during  load  discharge. 
Disturbances  which  affect  the  aircraft  during  lead  discharge  can  be 
divided  into  two  types: 

1.  Disturbances  related  to  a change  in  the  position  of  the 
center  of  gravity  of  the  load  inside  the  freight  compartment. 

2.  Disturbances  related  to  a change  in  the  flight  weight  of  the 
aircraft  at  the  time  of  separation  of  the  load  from  the  aircraft. 

If  the  load  moves  at  a constant  velocity  inside  the  aircraft 
under  the  effect  of  a certain  mechanical  drive,  at  zero  initial 
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conditions  the  equations  of  the  disturbed  movement  of  an  aircraft 
with  automatic  pilot  will  be: 


— AzT]  a = 


^ , „8.  <>Sb\  , . 

"t  T"  mz  —J Os, 


(3.1) 


pd  = pa+^-pLct; 


\r  — 1 rP  C[,P  : s grp  /*_  _ fc  A 

/>  Oa  P1  CobK  * <fa~~R1)' 

A«v  = -J- ^ a.  «»  = A'##  + A^pO. 


Fig.  2 shows  a block  diagram  corresponding  to  system  of 
equations  (3.1)  (excluding  the  part  inside  the  dotted  lines).  When 
composing  the  diagram  it  was  assumed  that 


® — <f-o  — ki/fi  x.  0 . 


(3.2) 


In  the  stage  of  the  movement  of  the  load  inside  the  aircraft, 
the  invariance  condition  is 


to,  =0 


(3.3) 


or 


Grp -A,  ^=0. 


(3.4) 


where  Kx  = ASor/Ax,,,  is  the  transfer  number  in  the  load  shift 

sensor  circuit,  &bcr  is  the  deflection  of  the  throttle  control  of  the 
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opposing  engines,  Af*or  is  the  derivative  of  the  moment  of  the 
opposing  angles  according  to  the  angle  of  deflection  of  the  throttle 
control,  G 0 is  the  flight  weight  of  the  aircraft,  ar.d  b^  is  the  mean 
aerodynamic  wing  chord. 

Be  will  find  the  necessary  transfer  nuaber  from  condition  (3.4) 

Kx  = GrpIM\a  (3-5) 

and,  considering  the  connection  between  the  value  of  the  thrust 
vector  T and  its  moment 

Mt=Tl v (3.6) 

where  1 *,  is  the  arm  of  vector  T relative  to  the  initial  center  of 
mass,  we  will  have: 

Kx  = Grp/Z^rV  (3.7) 

We  can  use  four  engines  to  compensate  for  the  disturbances  for 
the  selected  lift  assembly  diagram,  two  of  which  are  located  in  front 
of,  and  the  other  two  - behind  the  aircraft's  center  of  gravity.  If 
the  arms  of  both  pairs  of  engines  are  egual, 

T = 2T1,  =-  22Iti,  (3.8) 

where  T,  is  the  thrust  of  one  engine;  4,,  is  the  thrust  arm  of  one 
engine  pair. 
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In  this  case,  the  transfer  nuaber 

Kx  = Grp/4ZItT^  = A'r/T*CT.  (3.9) 


Considering  the  need  for  compensating  for  disturbances  when 
discharging  loads  of  different  weight  and  at  different  aircraft 
flight  weights,  wa  can  control  the  value  of  Kx  according  to  the 
expr ession 

K-  = GrpHG0bKlIrTh*  = ATl/46  a (3.10) 

where 

A'Ti  = Grp/Cp.  (3.11) 

Pigure  2 shows  a block  diagraa  of  the  invariant  combination 
control  system  in  the  first  stage  of  the  process  of  discharging  a 
load,  with  consideration  of  the  portion  inside  the  dotted  lines. 

The  second  stage  of  the  disturbed  aoveaent  of  the  aircraft 
begins  when  the  load  is  separated  froa  the  aircraft.  The  automatic 
control  system's  job  is  to  compensate  for  the  disturbance  and 
aaintain  the  aircraft's  flight  aode  while  the  lead  is  discharged. 
Here  the  values  of  the  angle  of  attack,  overload,  pitch  angle,  and 
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other  parameters  in  the  transitional  process  should  not  exceed  the 
peraissible  liaits. 


After  the  separation  of  the  load,  the  equations  of  the  "VTOL 
automatic  pilot"  system  are: 


plx  - 


C ~y  — (w“£  4-  rn-  P*  + Cv  [<5H  — AYt]  <*  — 


= C„ 


J zQ  r r rO.  r 


z6.  r 


<J,2> 


A-YT  = Yr8r  — Yto; 

a««  = + ^7.  «.  = *•<>  + *><► 


where  m«  r is  the  eapty  mass  of  the  aircraft;  and  A«r  is  the  moment 
of  inertia  of  the  empty  aircraft  relative  to  axis  z. 

Assuming  that  the  change  in  the  moment  of  inertia  is 
insignificant  at  the  tine  of  load  separation,  i.e.,  A«r~Ao,  «e  can 
write  the  system  of  equations  of  the  invariant  system  as  follows, 

with  the  condition  that  the  lift  assembly  engines  compensate  for  the 
moment  resulting  from  the  change  in  the  centering  moment  and  that  the 
thrust  of  these  engines  compensates  for  the  change  In  tha  weight  of 


the  aircraft: 


DOC 


178  3 


PAGE  1J 


p'*  + + »■:>  ^-]  P°+  - AI,)«- 


_ r VSl>K  A v>  , „*»  A . 

— ^v.-j — AXt  + m,  — — o„, 

j Zo 


pit  = pa  4-  -*-  ( ^ - — a I Gr  p • 

P ^ W r+ r=  Gv.  + C6  c+ r J ’ 

= -X’tO.  r — Xr#  -f-  -f- 


^0 


A"v~  c0  r+r2c 


^a  + %-^5,  TL=Grp, 


'8.  r 


(3.13> 


■here  Tz  is  the  total  thrust  of  the  lift  engines;  AVTj,  iS  the 
displacenent  of  centering  due  to  vector  Tc . 


Figure  3 shows  a diagram  of  the  forces  and  moments  created  by 
the  load  and  engines  of  the  lift  assembly  vhen  compensating  for 

disturbances  by  the  reverse  thrust  method  at  the  time  of  load 
separation. 


The  following  designations  are  used  in  the  diagraa: 


a - center  of  gravity  of  the  aircraft  in  the  initial  state,  c 
and  d - points  of  application  of  thrust  of  the  opposing  engines^  2T „ 
and  2TX  - the  thrust  of  the  two  nose  and  and  the  two  feed  engines  of 
the  lift  assembly,  respectively;  lzn  and  kx  - the  thrust  arm  of  the 
nose  and  feed  engines,  respectively;  and  xrp  - the  shift  in  the  load 
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in  the  freight  conpartaent. 

In  the  initial  position,  arrp  = 0 apd  2Tn  = 2TX  = 0.  There  are 
no  disturbing  forces  and  aoaents. 

In  the  first  stage  (aovenent  of  the  load  inside  the  aircraft)  , 
the  displacement  of  the  load  creates  the  disturbing  aonent 

~ ^rpCpp..  (3.14) 

which  is  balanced  by  the  sua  of  the  aoaents 

\Tm  -j-  Mx  — 2TnlXu  + 2TxlXx.  (3.15) 

The  equation  of  the  aoaents  of  the  systen  will  be 

2 TalXa  ■+-  — Gt  p*rj,  = -(3.16) 

The  force  equilibrium  condition  requires  that 

2TU  = 2Tm  = 2T,  (3.17) 

whereupon  condition  (3.16)  assuaes  the  fora 

27’(/x>  + /,,)  = CrpXrp.  (3.18) 

After  separation  of  the  load  Grp*rp  = 0,  aid,  consequently,  the 
following  should  be  true 
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27’(ZIjI  + /Xx)  = 0.  (3.19) 

During  thrust  reversal  of  the  tail  engines 

27  (/,.  + /„)  = <),  (3.20) 

47-  = Grp. 

Conditions  (3.20)  are  satisfied  jointly,  if 

Ac.  = Acx  ~ tr  (3.21) 

Then  the  invariance  conditions  will  be 

7 = G rp^rp.  HIM  c/4/x  - the  nonent  equilibrium  condition, 

T — GTpl 4 - the  force  equilibrium  condition. 

S hence  Ac  — *rp.*«Kc  is  the  condition  of  the  joint  satisfaction  of  the 

force  and  eoaent  equilibrium  requirements 

In  the  more  common  case,  when  Ac.  Acx  , the  inequality  7.^=  T% 

occurs  when  the  balancing  condition  is  satisfied,  i.e. , the  force 
equilibrium  is  already  disturbed  in  the  first  stage  of  movement. 
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Here 

,2TbIXr  4 2 TxlXx  = Grpirp  • (3.22) 

After  thrust  reversal,  the  equivalent  force  7V  should  be  applied 
in  the  original  center  of  gravity,  which  is  possible  with  the 
condi tion 

2l^JB  = 2lxJx,  (3.23) 

whence 

1:TJIXI  =Tt.  (3.24) 

But  2FX  4 27'h  = 6rp;  therefore,  we  will  obtain  the  second  condition: 

2 TB(lxjlXx  + 1)  = Grp.  (3.25) 

Thus,  with  the  asymmetrical  arrangement  of  the  opposing  engines 
relative  to  the  original  center  of  gravity,  the  absolute  invariance 

of  the  system  cannot  be  achieved  without  additional  connections  in 
the  automatic  pilot. 

4.  Limitations  on  the  possibility  of  constructing  invariant 
systems.  Hith  the  above  methods  of  compensating  for  disturbances 
under  stable  flight  conditions,  the  total  invariance  of  the 
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controlled  coordinates  can  be  achieved  when  a number  of  design  and 
energy  conditions  are  satisfied,  along  with  the  conditions  of 
stability  and  B.  N . Petrov's  realizability  criterion. 

The  system's  absolute  invariance  relative  to  wind  gusts  can  only 
be  provided  with  the  condition 

4 RC»>\Y,  (4.1) 

where  Ac  * is  the  naxiaun  thrust  of  the  exhaust  nozzle,  and 
^ ~ ^v^P(  + ^v)*/2  ~Cv.SpV]h2  - is  the  added  lift  created  by  the 

vertical  wind  gust. 

The  sain  contradiction  which  arises  during  the  selection  of  the 
parameters  of  an  exhaust  nozzle  is  the  requirement  for  decreasing 
thrust  A;*  with  the  condition  of  reducing  the  working  gas  flew 
rate,  on  one  hand,  and  the  requirement  for  increasing  it  with  the 
condition  of  compensating  for  high-level  wind  disturbances,  on  the 
ether. 

When  an  exhaust  nozzle  operates  in  the  angular  coordinate 
stabilization  mode,  sufficient  control  moments  are  provided  by  large 
thrust  arms  4 and  lt  ; therefore,  the  value  of  ACM  determined  during 
normal  operation  in  this  mode  can  turn  out  to  be  insufficient  when 
operating  under  conditions  of  co»r«r ting  for  disturbances  during 
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steady  flight. 

Total  invariance  during  the  discharge  of  leads  is  also  only 
achieved  when  the  following  condition  is  satisfied 


Mane  ^^7rp.  MSKC* 


^ ^rp  U1KC  ^rp  aano* 


(4.2) 


Furthermore,  there  is  one  general  limitation  which  appears  when 
coapensating  for  any  of  the  above  types  of  disturbances  using  lift 
engines  and  jet  surfaces.  This  is  the  limitation  of  the  precision  of 
aeasuring  the  position  of  the  center  of  gravity  of  the  VT3L  in 

flight.  Centering  determined  before  takeoff  changes  in  flight  due  to 
burn-up  of  fuel,  shifting  of  loads,  etc. 


The  error  in  aeasuring  centering  leads  to  the  origination  of  an 
off-balance  aoaent  when  compensating  for  distur tances. 

As  a result  of  all  of  this,  the  theoretically  proven  possibility 
of  total  invariance  is  reduced  in  practice  to  the  possibility  of 
achieving  invariance  up  to  £. 

Conclusion.  1.  Providing  invariance  of  a systea  with  respect  to 
wind  disturbances  can  achieved  without  using  additional  connections 
in  the  automatic  pilot  only  when  a constant  relationship  is 
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■aintained  between  Cj*9  and  and  with  respect  to  parametric 

disturbances  - whan  satisfying  strict  requireaeqts  on  the  design  of 
the  aircraft  and  its  operating  conditions. 

2.  The  introduction  of  an  additional  signal  in  the  law  of 
control  of  the  automatic  pilot  can  provide  invariance  of  the  system 
with  respect  to  both  types  of  disturbances  without  observing  the 
requirements  stated  above. 

3-  Invariance  in  the  combination  system  category  can  be  achieved 
if  the  power  characteristics  of  the  lift  assembly  do  not  limit  the 
level  of  active  disturbances. 
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